Flux-averaged cross sections for cosmogenic-neutron activation of natural tellurium were measured using a neutron beam containing neutrons of kinetic energies up to ∼800 MeV, and having an energy spectrum similar to that of cosmic-ray neutrons at sea-level. Analysis of the radioisotopes produced reveals that 110m Ag will be a dominant contributor to the cosmogenic-activation background in experiments searching for neutrinoless double-beta decay of 130 Te, such as CUORE and SNO+. An estimate of the cosmogenic-activation background in the CUORE experiment has been obtained using the results of this measurement and cross-section measurements of proton activation of tellurium. Additionally, the measured cross sections in this work are also compared with results from semi-empirical cross-section calculations.
I. INTRODUCTION
Neutrinoless double-beta (0νββ) decay [1] [2] [3] is a long sought-after second-order weak process in which a nucleus (A,Z) transitions to a nucleus (A,Z+2) through the emission of two electrons. This process is hypothesized to occur only if neutrinos are Majorana particles. Observation of 0νββ decay would not only establish that neutrinos are Majorana fermions, but may also constrain the neutrino-mass scale and hierarchy, and demonstrate that total lepton number is not conserved.
In experiments searching for 0νββ decay, the signature of interest is a peak at the double-beta decay Q value (Q ββ ). As 0νββ decay would be a rare process, minimizing the background rate around Q ββ is essential for improving the experimental sensitivity. Therefore, a detailed characterization of all potential sources of background is important, as any event that can mimic or obscure the 0νββ-decay peak is problematic and must be well-understood and, if possible, eliminated.
To miminize external backgrounds, 0νββ-decay experiments operate in underground laboratories, where large overburdens decrease the flux of cosmic rays by orders of magnitude relative to the flux above ground [4] . Further reduction of the remaining cosmic-ray background can be achieved with muon-veto detectors, and backgrounds from natural radioactivity in the laboratory environment can be alleviated with proper shielding.
Radioactivity present within the detector itself can provide a source of background that is difficult to eliminate. 0νββ-decay experiments devote a great deal of effort into making ultraclean and ultrapure detector materials free of primordial radioisotopes. However, no matter how clean or purely produced the materials are, cosmogenic activation will generate some radioactivity while the materials are at or above the Earth's surface during storage, production, or transportation [5] [6] [7] . The background contribution from this radioactivity can be minimized by ensuring detector materials spend as little time above ground as possible and by avoiding air transportation, as the cosmic-ray flux increases significantly at higher altitudes [8, 9] . At sea-level, activation is primarily caused by the hadronic component of the cosmic-ray flux, which is dominated by neutrons [10] .
This work investigates the backgrounds associated with cosmogenic activation of tellurium, which are important to understand for experiments such as the Cryogenic Underground Observatory for Rare Events (CUORE) [11] and the Sudbury Neutrino Observatory Plus (SNO+) [12] that are searching for the 0νββ decay of 130 Te, but to date are poorly characterized due to a lack of data. As 0νββ-decay experiments run for several years, typically only long-lived cosmogenic isotopes (i.e., that have half-lives of order a year or longer) with Q values near or greater than the 130 Te Q ββ of 2528 keV [13] [14] [15] [16] will be potential sources of background at the 0νββ-decay peak.
Determining the resulting cosmogenic-activation background contribution to a 0νββ-decay experiment requires estimating the production rates of the radioisotopes in tellurium. Activation cross sections that span a wide range of neutron energies, from thermal up to several GeV, are therefore needed; however, experimentallymeasured cross-section data is currently sparse. For neutron energies above 800 MeV, cross sections for neutron activation are expected to be approximately equal to those for proton activation, and can be estimated from existing experimental data for proton energies 800 MeV -23 GeV [17] [18] [19] . In these proton measurements, two long-lived radioisotopes were observed that have the potential to contribute background at the 0νββ-decay peak: 110m Ag and 60 Co. Below 800 MeV, experimental data exists for activation of natural tellurium by ∼1-180 MeV neutrons [20] and activation of individual tellurium isotopes by thermal to ∼15 MeV neutrons [21] ; however, only a few reactions were measured, and no cross sections were reported for the production of 60 Co and 110m Ag. To deal with the lack of experimental data, the background from cosmogenic activation has been estimated in the past (as in Ref. [7] ) using a combination of the aforementioned neutron and proton measurements and codes that either implement the semi-empirical formulae by Silberberg and Tsao (S&T) [22] [23] [24] (e.g., YIELDX [22] [23] [24] , AC-TIVIA [25] ), or are based on Monte Carlo (MC) methods (e.g., CEM03 [26] , HMS-ALICE [27] , GEANT4 [28, 29] ).
These estimates can be greatly improved with additional neutron-activation cross-section measurements below 800 MeV, which can also be used to benchmark the S&T and MC codes. A sample of natural-TeO 2 powder was irradiated at the Los Alamos Neutron Science Center (LANSCE) with a neutron beam containing neutrons with kinetic energies up to ∼800 MeV, and having an energy distribution that resembles the cosmic-ray neutron flux at sea-level. Following exposure, the γ rays emitted from the sample were measured in a low-background environment with a high-purity-germanium (HPGe) detector to determine the radioisotopes present. Based on these results, flux-averaged cross sections were obtained for several dozen isotopes.
The cross sections are used to investigate the impact cosmogenic activation will have on CUORE, a nextgeneration 0νββ-decay experiment that will use an array of 988 high-resolution, low-background natural-TeO 2 bolometers to search for the 0νββ decay of 130 Te. In addition, the measured cross sections are compared with cross sections calculated using the ACTIVIA code. Details of this measurement and subsequent analysis are discussed below.
II. EXPERIMENTAL METHOD AND DATA ANALYSIS
A. Target
The target consisted of 272 g of natural-TeO 2 powder held within a cylindrical plastic container wrapped on all sides with 0.05 cm of cadmium to remove thermal neutrons. The front and back cadmium-layers were also used to monitor the neutron flux on either side of the target. Circular aluminum and gold foils were placed throughout the target to monitor the neutron flux as well. The target geometry is illustrated in Figure 1 , and the details of each target component are listed in Table I .
B. Neutron irradiation
The target was irradiated with neutrons from the LAN-SCE 30R beam line for 43 hours during February 25-27, 2012 . At LANSCE, neutrons are generated from spallation reactions induced by an 800 MeV pulsed proton beam incident on a tungsten target. The 30R beam line, which is 30
• to the right of the proton beam, has a neutron-energy spectrum that closely resembles the Table I . cosmic-ray neutron spectrum at sea-level, but has an intensity 3×10 8 times larger, as shown in Figure 2 . A beam collimation width of 8.26 cm was used, which resulted in a beam-spot diameter of 8.41 cm at the target.
The proton beam used to generate the neutrons consisted of 625-µs-long macropulses occuring at a rate of 40 Hz. Each macropulse contained micropulses spaced 1.8 µs apart. The neutron time-of-flight was obtained by measuring the time between the arrival of the proton neutrons/(cm 2 ·s), with an estimated uncertainty of 10% [33] based on uncertainties in the geometry and efficiency of the ionization chamber.
C. Gamma-ray analysis of the irradiated target
Approximately one week after the neutron irradiation, the TeO 2 target was dismantled, and each component was analyzed using γ-ray spectroscopy at the Lawrence Berkeley National Laboratory Low Background Facility [34, 35] . The TeO 2 powder, cadmium foils, and aluminum foils were measured using an upright, 115%-relative-efficiency, n-type HPGe detector, and the gold foils were measured with a horizontal, 80%-relativeefficiency, p-type HPGe detector. Each detector was surrounded by a copper inner shield encased in a lead outer shield. The gold foils were highly activated and could be counted at a distance of 12 cm from the detector. The cadmium and aluminum foils had low levels of activity and were therefore measured directly on top of the detector to maximize the detection efficiency. For the TeO 2 powder, the γ-ray measurements needed to be highly sensitive to long-lived radioisotopes, which had low levels of activity inside the powder. To maximize the detection efficiency, the TeO 2 powder was mixed thoroughly and counted in a Marinelli beaker positioned over the top of the detector (Figure 3) . A plastic insert was placed inside the beaker to decrease the thickness and increase the height of the powder, which in turn increased the solid angle of the detector seen by the powder and decreased the self-attenuation of γ rays from decays within the powder. The thickness and average height of the TeO 2 powder were 3.8 mm and ∼5.6 cm, respectively. The TeO 2 was counted in this configuration periodically for six months to enable the observation of long-lived activation products after the short-lived ones decayed away. Figure 4 shows a γ-ray spectrum for the TeO 2 powder collected four months after the irradiation. Each peak in the γ-ray spectra was fit with a Gaussian summed with a quadratic background function to determine the energy and net counts. For peaks with higher intensity, a smoothed step function was also added to the fitting function. The γ-ray energies were used to identify the radioisotopes produced in the TeO 2 powder. For γ-ray lines that could come from the decay of more than one isotope, the contributors were identified from the decay half-life of the line.
A list of the radioisotopes observed in the TeO 2 powder 
D. Photopeak efficiencies
The γ-ray measurements of the TeO 2 powder needed to be highly sensitive to long-lived radioisotopes, which had low levels of activity inside the powder. To maximize the detection efficiency, the powder was counted immediately next to the detector (Figure 3) . Determination of the photopeak efficiencies for the TeO 2 powder from calibration measurements alone was impractical due to the complexity of the counting geometry and the effects of true-coincidence summing, which can be significant at such close range. Therefore, the efficiencies were obtained by running simulations with the Geometry and Tracking 4 (GEANT4) code, version 4.9.4.p02, which were benchmarked against experimental measurements of various point and extended γ-ray sources (Table III) that covered a wide range of γ-ray energies.
For the benchmarking measurements, the 57 Co and 54 Mn point sources were each counted at the center of the detector face and at four positions along the side of the detector that were spaced 2 cm apart and spanned the length of the HPGe crystal. The uranium source was counted on the side of the detector as well. Following the natural-source method [36] , the two extended sources, ES1 and ES2, were constructed from powders that contained elements with naturally-occurring longlived radioisotopes. ES1 was designed to mimic the geometry of the irradiated TeO 2 powder during the γ-ray measurements, and ES2 was designed to mimic both the geometry and density of the powder. Photopeak efficiencies were obtained for all the γ rays listed in Table III . In addition, the total efficiency, which is needed to determine summing corrections, was obtained for the two 57 Co γ rays (122.06 keV and 136.47 keV) and the 54 Mn γ ray (834.85-keV).
The benchmarking measurements were simulated using GEANT4. Each simulation included the HPGe detector, the γ-ray source, and the lead and copper shielding. For each γ ray of interest, the entire decay scheme of the parent nucleus was simulated. Angular correlations between coincident γ rays were not taken into account; however at close distances to the detector, the effects on the photopeak efficiencies are largely averaged out and are thus small.
Each simulated photopeak or total efficiency ( sγ ) was compared with the measured value ( mγ ), and the percent difference was determined:
Using the manufacturer's detector specifications in the simulations resulted in ∆ γ values that ranged from approximately -10% to -35%, with the agreement between simulation and measurement worsening at lower γ-ray energies. This kind of disagreement, especially overestimation by the simulation, has been seen in other studies that model the γ-ray efficiencies of HPGe detectors using the geometry provided by the manufacturer (e.g., Refs. [37] [38] [39] [40] ). Typically, the discrepancies have been attributed to physical characteristics of the detector (crystal location, Li-diffused-contact thickness, etc.) that are difficult for the manufacturer to precisely specify. When the source is counted close to the detector, small uncertainties in the detector's parameters can have significant effects on the γ-ray efficiencies. The adjustments listed in Table IV were applied to the detector geometry in GEANT4 to make the efficiencies from the simulations more closely match those from the TABLE II. Radioisotopes observed in the irradiated TeO2 powder. Unless otherwise indicated, all isotopes were produced by neutron interactions with tellurium. The measured and calculated flux-averaged cross sections (σ30R andσ S&T , respectively) for neutron activation of tellurium are provided for isotopes with half-lives greater than 1 day. Allσ30R were measured at the 68% C.L. and are independent cross sections, except for those followed by "(cu)," which are cumulative. All rows corresponding to isotopes that can contribute background at the 130 Te 0νββ-decay peak are bolded, and for these isotopes, the decay modes ( and β − for electron capture and beta-minus decay, respectively) and Q values are given. a This isotope was produced by interactions with spallation protons created in the target during the neutron irradiation. Therefore, no cross sections are provided. b This isotope had a high probability of being produced by interactions with < 1.25-MeV neutrons. Therefore, no cross sections are given. c A flux-averaged cross section could not be obtained for 119 Sb because the strongest γ-ray line at 24 keV overlapped with x-rays emitted by other activated isotopes. d 60 Co was not conclusively observed in the γ-ray spectra due to 102m Rh and 110m Ag peaks being present where the 60 Co peaks were expected. Therefore the cross section quoted for 60 Co is an upper limit. e 7 Be was produced almost exclusively by neutron interactions with oxygen. The cross sections given correspond to these interactions.
benchmarking measurements. The larger disagreement at low energies between the simulated and measured efficiencies pointed to additional, unspecified attenuating material that was present in the actual detector. To address this, the thickness of the aluminum mounting cup that immediately surrounds the HPGe crystal was increased by 2.25 mm to achieve closer agreement between the simulations and measurements. a All isotopes in the source were assumed to be in secular equilibrium. b Due to a small 227 Ac contamination in the La 2 O 3 , ES1 and ES2 also contained 227 Ac and its daughter isotopes, which were assumed to be in secular equilibrium with each other. γ-rays from the 227 Ac chain are also listed in the table. Figure 5 shows the values of ∆ γ obtained after the adjustments to the detector geometry were made in the GEANT4 simulations. The uncertainties in ∆ γ take into account the statistical uncertainties in the measurements and the simulations, as well as the uncertainties in the source activities and branching ratios of the γ rays. The total uncertainty in the simulated efficiencies was estimated to be 5%, which is slighly larger than the standard deviation of ∆ γ .
The photopeak efficiencies of the γ rays used to identify the isotopes in Table II were obtained for the irradiated TeO 2 powder by performing GEANT4 simulations using the adjusted detector values in Table IV . Simulations indicate that summing could have as much as a 40% effect for certain photopeak efficiencies. Figure 5 gives confidence that the GEANT4 simulations could model summing correctly and provide photopeak efficiencies for the irradiated TeO 2 powder with around 5% uncertainty.
E. Neutron transmission during neutron irradiation
Following the neutron irradiation, the aluminum and cadmium foils located in front of and behind the TeO 2 powder were measured with an HPGe detector, as was described in Section II C. The total neutron transmission, Table IV . Points corresponding to total efficiencies are indicated with "(Total)" in the legend. All other points correspond to peak efficiencies.
T tot , through the TeO 2 powder was estimated by comparing the activities of the activation products in the front a The effects of shortening the crystal in the simulation could also be reproduced by using the nominal length of the crystal and adding a 1.85-mm-thick, 3.5-cm-long copper ring around the aluminum mounting-cup, 8 cm below the top of the detector endcap. Since the presence of such a ring was not specified by the manufacturer and the corresponding simulations provided equivalent results to the shortened crystal geometry, the simulated efficiencies for the 80.5-mm-long crystal were used in the cross-section analysis. foils (Al1 and Cd1) with the activities in the back foils (Al3 and Cd2). The values ofT tot obtained by analyzing the activation products are given in Table V , and the uncertainties quoted are statistical. To account for the variation in the results,T tot was taken to be 0.90 ± 0.10, which spans the range of values given in Table V along with their uncertainties. The average neutron transmission,T , through the TeO 2 powder was then estimated to beT
F. Isotope-production rates
The production rate for each isotope can be determined using data from the γ-ray spectra collected for the irradiated TeO 2 powder. In most cases, the isotope produced in the powder is not fed by other isotopes during or after the neutron irradiation. Under this condition, the production rate, R 30R , can be obtained using:
where λ is the decay constant of the isotope, C γ is the number of counts in the γ-ray peak of interest corrected for the growth and decay of the isotope during the irradiation and the decay of the isotope after the irradiation, B γ is the branching ratio of the γ ray, and γ is the photopeak efficiency of detecting the γ ray. The production rates for 125m Te and 127m Te were described by more complex growth-and-decay relations and were obtained using the appropriate modifications to Equation 3.
G. Flux-averaged cross sections
The flux-averaged cross section,σ 30R , for neutron activating an isotope in the irradiated TeO 2 powder is determined from
where σ(E) is the cross section for producing the isotope with neutrons of kinetic energy E, ϕ 30R (E) is the differential neutron flux hitting the front of the target in units of [neutrons/(cm 2 ·s·MeV)], and E min and E max are respectively the lowest and highest neutron energies hitting the TeO 2 powder.
The isotope-production rate can also be expressed as
where N is the number of tellurium nuclei in the powder (except for the production of 7 Be, where N is the number of oxygen nuclei in the powder).
The total neutron flux below 1.25 MeV during the irradiation was determined to be nonnegligible from the amount of 198 Au created by (n,γ) reactions in the gold foils. Therefore, cross sections could be obtained only for isotopes produced soley (or primarily) by interactions with neutrons of energy > 1.25 MeV, and in these cases, E min and E max from Equation 5 could be set to 1.25 MeV and 800 MeV, respectively.
The flux-averaged cross sections, shown in Table II , can then be determined from Equations 3 and 5.
III. COMPARING MEASURED AND CALCULATED CROSS SECTIONS
Isotope-production cross sections for tellurium were also obtained by using the ACTIVIA code to perform calculations based on the S&T semi-empirical formulae. These formulae were originally developed to describe proton-nucleus interactions, but they are assumed to be applicable to neutron-nucleus interactions as well. The calculated cross sections are reported in Table II . Although the formulae are only valid for proton and neutron energies ≥ 100 MeV and they do not distinguish between ground and metastable states in product nuclei, the calculated and measured cross sections agree reasonably well, within a factor of 3 on average. One should note that the cross section calculated for 110m Ag was underestimated by approximately a factor of 5.
IV. COSMOGENIC-ACTIVATION BACKGROUND IN THE CUORE EXPERIMENT
The CUORE experiment will use an array of 988 highresolution, low-background TeO 2 bolometers to search for the 0νββ decay of 130 Te. Each bolometer is comprised of a 5×5×5 cm 3 natural-TeO 2 crystal that serves as both a source and a detector of the decay. CUORE is aiming for a background rate of 10 −2 counts/(keV·kg· y) at the 130 Te Q ββ value of 2528 keV, which would allow the experiment to reach a half-life sensitivity of 9.5×10 25 years (90% C.L.), assuming a live time of 5 years and a full-width-at-half-maximum energy resolution of 5 keV [41] .
Using the results of the neutron-activation measurement discussed in this work and the proton-activation measurements of Ref. [19] , one can determine the background contribution to CUORE from the cosmogenic activation of the TeO 2 crystals that occurs during sea transportation from the crystal-production site in Shanghai, China to LNGS in Italy. The results of both this work and Ref. [19] indicate that 110m Ag and 60 Co are the only two long-lived radioisotopes that will contribute meaningfully to the background at the 0νββ-decay peak due to their Q values being greater than Q ββ .
110 Ag will also contribute a small amount to the background because 110m Ag decays to it 1.33% of the time.
The production rates, R, of 110m Ag and 60 Co were each estimated to be
where σ i is the isotope-production cross section assigned to energy bin i, and φ CR,i is the differential cosmic-ray neutron flux at sea-level integrated over energy bin i. The energy bins, integrated fluxes, and σ i values are given in Table VI . The cosmic-ray neutron flux determined by Gordon et al. [31] was used in this analysis, with the parameter F BSYD from Ref. [31] taken to be 0.73 ± 0.22 [33] for the route used to ship the TeO 2 crystals. 80% of the 110m Ag and as much as 37% of the 60 Co were produced by 1.25-800 MeV neutrons.
The fraction of 110m Ag, 110 Ag, and 60 Co decays that deposit energy in a 60 keV-wide region-of-interest (ROI) surrounding the 0νββ-decay peak was estimated using GEANT4 simulations of a single 5×5×5 cm 3 TeO 2 crystal. The values obtained were 0.5%, 0.4%, and 1% for 110m Ag, 110 Ag, and 60 Co decays, respectively. In the full CUORE array, the presence of nearby crystals would often lead to energy being deposited in more than one crystal. As most 0νββ-decays would deposit all of their energy in a single crystal, the background can be reduced by rejecting events in which energy was deposited in more than one crystal. Simulations of a 3 × 3 × 3 TeO 2 -crystal array indicate that rejecting multi-crystal events can suppress the 110m Ag contribution to the ROI by a factor of ∼2, while the contributions from 110 Ag and 60 Co will be minimally affected.
To estimate the background rate at Q ββ from cosmogenic activation of TeO 2 , the following assumptions were made: (1) each crystal spends 3 months at sea level, (2) Bq/kg, respectively, which correspond to background rates of ∼6 × 10 −5 counts/(keV·kg· y) and ∼7 × 10 counts/(keV·kg· y), respectively. After 5 years of running, the contamination levels will decrease to ∼2×10
−10
Bq/kg for 110m Ag+ 110 Ag and ∼6 × 10 −10 Bq/kg for 60 Co, which correspond to background rates of ∼4×10 −7 counts/(keV·kg· y) and ∼4×10 −6 counts/(keV·kg· y), respectively. The contamination levels given here are lower than those predicted in Ref. [7] due to Lozza et al. assuming a longer exposure time of 1 year and a shorter overall cooling time underground of 2 years. Rejecting multi-site events should decrease the 110m Ag+ 110 Ag background rates by a factor of ∼2. Although the background rates in the ROI are at least two orders of magnitude lower than the current CUORE goal background of 10 −2 counts/(keV·kg· y), for future experiments striving for essentially zero background, cosmogenic activation may have to be addressed more stringently.
V. CONCLUSIONS
Flux-averaged cross-sections for cosmogenic-neutron activation of radioisotopes in natural tellurium were measured by irradiating TeO 2 powder with a neutron beam containing neutrons of kinetic energies up to ∼800 MeV, and having an energy spectrum similar to that of cosmicray neutrons at sea-level. The cross sections obtained for Co production rates. The differential cosmic-ray neutron flux at sea-level integrated over each bin is provided. The isotope-production cross sections assigned to each bin are also listed. For bin 1, the cross sections obtained in this work are used. For bins 2, 3, and 4, the cross sections used were those measured in proton-activation experiments with 800 MeV, 1. 0.28 ± 0.04 < 0.0016 (2.9 ± 1.1) × 10 −6 < (1.7 ± 0.6) × 10 (0.01%) (> 0.8%)
a The value of this cross section was reported incorrectly in Ref. [19] , but correctly in Ref. [42] .
110m Ag and 60 Co, the two isotopes which have both halflives of order a year or longer and Q values larger than the Q ββ of 130 Te, were combined with results from tellurium activation measurements with 800 MeV -23 GeV protons to estimate the background in the CUORE experiment from cosmogenic activation of the TeO 2 crystals. The anticipated 110m Ag+ 110 Ag and 60 Co background rates in [counts/(keV·kg· y)] at the 0νββ-decay peak were determined to be ∼6×10 −5 and ∼7×10 −6 , respectively, at the beginning of counting and ∼4 × 10 −7 and ∼4 × 10 −6 , respectively, after 5 years of counting. The 110m Ag+ 110 Ag rates should decrease by a factor of ∼2 if multi-crystal events are efficiently rejected. These rates are at least two orders of magnitude lower than the goal background for the CUORE experiment.
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